Abstract -This paper concerns with transient stability control which is part of transient stability assessment which needs to be considered so that the power systems remained intact when failures originating from faults occurred in power systems. Conventional UFLS system is designed to retrieve the balance of generation and consumption following disturbances occurrences in the system. In UFLS method, whenever the system's frequency drops below a predetermined value, the system loads are shed in stages. An efficient UFLS method needs to be devised so as to reduce the impacts of transient disturbance on power systems and prevent total system blackout. In this paper, an emergency control scheme known as the combined UFLS and generator tripping is developed in order to stabilize the system when unstable faults occurred in a power system. The performance of the combined UFLS and generator tripping scheme is compared with the conventional UFLS control scheme. The results show that the combined control scheme performed better.
INTRODUCTION
Transient stability emergency control which is part of transient stability assessment (TSA) needs to be considered so that the cascading failures originating from faults in power systems which would lead to blackout can be blocked. One of the transient stability control strategies is by means of under frequency load shedding (UFLS). Conventional UFLS system is designed to retrieve the balance of generation and consumption following disturbances occurrences in the system [1] . In UFLS method, whenever the system's frequency drops below a predetermined value, the system loads are shed in stages. At present, the emergency control actions used for transient stability control of power systems are such as excitation control, generator tripping, fast valving, fast fault clearing time, dynamic braking and load shedding [2] . Thus, power system transient stability control plays an important role in transient stability studies so that corrective measures can be taken for preventing deterioration in service quality.
Ref. [3] presented a systematic study of automatic UFLS system employed in electrical power system. The study showed that the UFLS method can clearly define the system frequency and loads to be shed. Generally, UFLS strategies can be implemented based on static and dynamic studies [4] . Comparing the static and dynamic UFLS strategies, it is noted that the dynamic scheme appears to give better frequency recovery. Ref. [5] proposed a fast and accurate UFLS scheme by using genetic algorithm to solve the steady state load shedding optimization problem. Ref. [6] developed a procedure to perform UFLS scheme considering probabilistic outages of various generators. The study provided power system performance under the UFLS scheme. In ref. [7] , an adaptive minimum UFLS scheme based on ANN was designed for an industrial cogeneration facility. It is noted that the ANN based UFLS gives a more effective load shedding to maintain system stability. In a more recent study, a centralized load shedding scheme was proposed [1] , in which such a scheme was found to be more efficient than the conventional UFLS scheme.
From the literature review, it can be concluded that UFLS remains to be an important control strategy for mitigating transient instabilities. In this work, UFLS combined with generator tripping are considered as a transient stability control strategy. The advantage of employing the combined UFLS and generator tripping is that reduced amount of load needs to be shed due to the fact that by tripping a generator the loads in a power system are not affected. Results comparing the conventional UFLS and the UFLS combined with generator tripping control method are illustrated.
II. UNDERFREQUENCY LOAD SHEDDING CONCEPT
UFLS is defined as a coordinated set of controls which results in a decrease of electrical loads in a power system [4] . An UFLS system is designed to retrieve the balance of generation and demand following a severe disturbance [1] . In this way, whenever the frequency of a system falls below its predetermined threshold, some parts of the system loads are shed in a few steps after an intentional time delay. The relationship that shows the variation of frequency with time, following a sudden variation in load and/or generation is derived by first considering,
where, G : nominal MVA of generator H : inertia constant δ : generator rotor angle f 0 : nominal frequency P a : net accelerated or decelerated power
Consider the generator speed variation due to a disturbance which is given by,
where ω 0 is the synchronous speed Differentiating equation (2) with respect to time,
Substituting equation (3) in equation (1), we get
Equation (4) defines the rate of change of frequency in Hz, which can be used for an individual generator or for an equivalent which represents the total generation in a system. For equivalent case, the inertia constant (H) can be derived from the following, 
where n is the number of generators in a power system. The accelerating power, P a , in equation (4) is responsible for the rate of change of frequency due to disturbances in a power system. The derivation for P a can be rewritten as, -a m e P P P = (6) where, P m : mechanical power entering the generator P e : electrical power leaving the generator A power system is said to be stable when P a equals to zero which means that there is no change in the frequency. In the case of overload, when P e > P m , which would result in P a < 0 , then there will be a drop in the power system frequency.
A. Design Of Under Frequency Load Shedding Scheme
The steps involved in designing an UFLS scheme are described as follows: i) Determine the anticipated overload which is an important parameter to represent the protection to be provided and the amount of service that will be disrupted in the event of overload. The calculation of the anticipated overload (L) in per unit is given by,
From equation (7), if a system is balanced there will be no anticipated overload. However, a loss of 33% of total generation due to a fault occurring in a system will lead to 50% overload and a loss of 50% of the total generation will lead to 100% overload. The value of the anticipated overload greater than 50% is not recommended due to possible over load shedding for less severe unstable faults [1] . ii) Determine the number of load shedding steps. A typical load shedding scheme will consider three to six stages. The UFLS scheme implemented in this work utilizes 4 stages of load shedding considering 20%, 20%, 30% and 30% of the total load to be shed. The duration between consequence load shedding stages is between 2 to 3 cycles [1] . iii) Determine the amount of load to be shed in order to maintain the system's frequency above its minimum permissible frequency. The total load to be shed in per unit is given by [1] ,
where, L : anticipated overload in p.u. f min : minimum permissible frequency f n : nominal frequency d : load reduction factor iv) Determine the load buses where loads are to be shed.
The total load to be shed calculated in (iii) is selected from the load buses whose voltages are severely affected by an unstable fault occurring in a power system. The voltage in the area where an unstable fault occurs will decline faster than other areas in a power system. Thus, loads that are located near to the fault location in a particular area will be the most affected load compared to loads located far from the fault location [8] .
B. UFLS Scheme Implementation Procedure
The procedures for implementing an UFLS scheme are described as follows: i) Calculate the amount of load to be shed, LD, using equation (8) . ii) Run dynamic simulations of a power system by considering various contingencies. In this work, three phase faults occurring at each line in a power system are considered. Identify the unstable cases by using the area based COI referred rotor angle index [9] . iii) For the unstable cases, rank the loads in the system according to the severity of the voltage decline at the load buses due to a fault. The total load to be shed (LD) is then calculated. iv) From the ranking of loads in (iii), divide the total load to be shed in 4 stages of load shedding of 20%, 20%, 30% and 30%. The first stage of the UFLS scheme would be implemented at the loads most affected by the voltage decline and the subsequent stages are the less affected loads. v) Run the dynamic simulation again for the unstable cases only but this time with the UFLS control scheme. In the initial UFLS scheme, shed the first stage UFLS at a fault clearing time which is set at 100 ms. Monitor the area-based COI-referred rotor angle index in order to verify whether the power system manages to recover to a stable state after performing the first stage load shedding. If the system becomes stable after the first load shedding, then stop the UFLS control. However, if the system is still not stable, then continue with the subsequent second, third and fourth stage of load shedding.
III. UFLS COMBINED WITH GENERATOR TRIPPING SCHEME
Generator tripping is considered as an effective method of transient stability control. In this work, generator tripping and UFLS scheme is combined to provide transient stability control of power systems. By employing UFLS alone as a form of transient stability control, the loss of loads in a power system will be greater than when it is combined with generator tripping. This is because generator tripping does not cause loss of load in a power system but a reduction in the system total inertia which may reduce the effect of a fault. In the proposed combined method for transient stability control, the priority is to first trip a generator and then followed by the UFLS scheme if needed when an unstable condition still prevails.
In generator tripping, the most important step is to identify which generators are to be tripped in order to reduce the effect of instability in a power system [10] .
The area-based COI-referred rotor angle index [9] is used to identify the weakest area in a power system due to an unstable fault. The identified weakest area consists of a group of generators located in that area. In order to identify the generator to be tripped in the weakest area, individual COI-referred rotor angles for each generator needs to be calculated. Thus, by employing the areabased COI-referred rotor angle index, the weakest area is identified and by using the individual COI-referred rotor angle for each generator in the weakest area, the first generator that goes out of step (rotor angle exceeds ±180 0 ) is identified. In order to determine the generator that goes out of step due to an unstable fault, the COI of a system is formulated as [9] ,
where, M T : total inertia in a system M j : j-th inertia in an area j δ : area equivalent rotor angle r : total number of areas in the power system
The individual rotor angle of a generator in the weakest area, k, expressed in the COI frame can be defined as,
where, δ k : individual generator's rotor angle in the weakest area By this definition, the generator in the weakest area to be tripped would be the first generator to go out of step with its individual COI-referred rotor angle exceeds the ±180 0 . The procedures involved in identifying the generator to be tripped are given as follows: i) Run time domain simulations by considering three phase faults as contingencies and obtain the rotor angles responses. ii) Calculate and plot the area based COI referred rotor angle indices for all the areas in the system. iii) Identify the weakest area based on the curves of the area based COI referred rotor angle index that goes out of step (exceeds ±180 0 ). iv) Calculate the individual COI-referred rotor angle for each generator in the weakest area using, for the proposed generator tripping scheme.
A. Implementation Procedure of Combined UFLS with Generator Tripping
The implementation procedures for UFLS combined with generator tripping for transient stability control are given as follows: i) Run time domain simulation for the contingency that causes instability in a power system. From the simulations, obtain the rotor angles and all the frequency responses of the generator buses. ii) Implement generator tripping. If the system still remains unstable after generator tripping, implement the UFLS scheme. iii) For the generator tripping part, rank the generators and identify the weakest area in the system using the area-based COI-referred rotor angle indices. Determine the generator to be tripped based on the individual COI-referred rotor angle. iv) Trip the generator identified in (iii) at a fault clearing time which is set at 100ms. Monitor the area based COI referred rotor angle indices to determine whether the power system manages to recover to a stable state after performing the generator tripping. If the system is stable after the generator is tripped, then stop the combined control scheme. However, if the system is still unstable, then proceed with the UFLS (Section II. B).
IV. METHODOLOGY The IEEE 39-bus system has been used in validating the proposed combined load shedding and generator tripping method. The test system as shown in Figure 1 consists of 10 generators, 12 transformer, 46 transmission lines and 19 loads. The system is divided into three areas; which are Area 1, Area 2 and Area 3 [11] . The load flow and dynamic data of the test system were obtained from ref. [12] . The areas of the test system are divided according to coherency of generators when subjected to disturbances. Time domain simulation method is used in this work to assess the transient stability of the large practical power system because it is the most reliable, mature and accurate method compared to other method. The differential equations to be solved in transient stability analysis are nonlinear ordinary equations with known initial values. For this purpose the PSS TM E software is used.
In this work, the dynamic performance of the system during disturbances is based on observation of the rotor angle of generators in their respective areas via a time domain simulation method. Three-phase faults are created at various locations in the systems at any one time. When a three-phase fault occur at any line in the system, a breaker will operate and the respective line will be disconnected at the fault clearing time (FCT) which is set at 100 ms. According to ref. [13] , if the relative rotor angles remain stable after a fault is cleared, it implies that the power system is stable but if the relative angles go out of step after a fault is cleared, it means that the system is unstable. The time step, ∆t, for the time domain simulations is set at 0.02 seconds. The time frame of interest in transient stability studies is usually limited to 3 to 5 seconds following the disturbance; it may be extended to 10 seconds for very large systems with dominant inter-area swings [14] . All the rotor angles data collected from all the contingencies are then applied to the area-based COI-referred rotor angle index. The index are then plotted to illustrate the severity of the contingencies on the power system.
The combined control method results are compared with the results of the conventional UFLS scheme. The performance of both control schemes in maintaining the stability of the system are illustrated using the area-based COI-referred rotor angle index. Case 1 -A three-phase line fault is created at line 4 in the system. After 100 ms, the fault is cleared followed with the disconnection of line 4. Figure 2 shows the plot of the area-based COI-referred rotor angle index of the test system. From the plot, it can be seen that the rotor angles of each area goes out of step after the fault is cleared and the system becomes unstable. Due to the fault, the system's frequency declines.
The conventional UFLS control scheme and the combined control scheme is applied separately to the system. For this case, 3 stages of the UFLS are required for the system to remain stable after the fault is cleared. As for when employing the combined control scheme, before the proposed method is employed, the generator to be tripped is first identified using the individual COIreferred rotor angle method. Since, the fault is located at Area 1, therefore the individual rotor angle of generators in Area 1 are plotted as shown in Figure 3 . From the plot, the generator located at Bus 37 is chosen as the generator to be tripped since it is the first generator to exceed 180 0 . For Case 1, 3 stages of the combined control scheme are required for the system to maintain its stability after the fault is cleared. Figure 4 shows that due to the application of both the conventional UFLS scheme and the combined control scheme, the system remains stable after the fault is cleared. From the figure, it can be seen that the rotor angles swing in the beginning but after sometime the swings subside and the system recovers to its stable state. The average frequency of the system remained at 60 Hz when both control schemes are applied.
The combined UFLS and generator tripping control scheme gives better performance compared to the conventional UFLS control scheme in terms of amount of load shed and the angle deviation. The amount of load shed is 981.9 MVA when the combined control scheme is employed whereas 1675.5 MVA load needs to be shed when the conventional UFLS scheme is employed. Comparing Figures 5(a) and (b) , the maximum angle deviation for the affected Area 1 is 80 0 for the conventional UFLS and 38 0 for the combined scheme (showed by dashed arrows) which means that lower stress is exerted from the system to the generators in Area 1 when the combined scheme is employed to allow the system to recover to its stable state. Case 2 -A three-phase fault is created at the transmission line connecting bus 13 and bus 14 (Line 18) in Area 2. After 100 ms, the fault is cleared while Line 18 is disconnected. Figure 5 shows the plot of the area-based COI-referred index which indicates that the system becomes unstable after the fault is cleared. Due to the fault, the system's frequency deteriorates. The conventional UFLS control scheme and the combined control scheme is applied separately to the system in order to prevent the system from becoming unstable after the fault is cleared. For this case, 2 stages of the UFLS are required for the system to remain stable because the rotor angles do not go out of step, thus indicating that the system is stable. As for when employing the combined control scheme, before the proposed method is employed, the generator to be tripped is first identified using the individual COI-referred rotor angle method. Since, the fault is located at Area 2, therefore the individual rotor angle of generators in Area 2 are plotted as shown in Figure 6 . From the plot, the generator at Bus 34 (G7) is chosen as the generator to be tripped; since it is the first generator to go out of step. For Case 2, 2 stages of the combined control scheme are required for the system to maintain its stability after the fault is cleared. Figure 7 shows the plot of the area-based COI-referred rotor angle index of the system when the conventional UFLS and combined control schemes are applied. From Figure 10 , it is noted that the subsequent angle swings of the COI-referred rotor angles are lower than the initial angle swings for all areas. The average frequency of the system remained at 60 Hz when both control schemes are applied.
Comparing the performance of both control schemes, the amount of load shed is 430 MVA when the combined control scheme is employed whereas 980.9 MVA load needs to be shed when the conventional UFLS scheme is employed. In terms of maximum angle deviation, for the conventional UFLS, the maximum angle deviation for the affected Area 2 is 39 0 and 32 0 (showed by dashed arrows in Figure 7 ) for the proposed combined control scheme. This means that lower stress is induced for the generators in Area 2 when the proposed control scheme is employed. 
CONCLUSION
This paper presents an improved TSC method known as the combined UFLS and generator tripping scheme. It is known that UFLS remains to be an important control strategy for mitigating transient instabilities. However, the main concern of UFLS is to determine the amount of load that needs to be shed in order to bring back the system to its stable state. The amount of shed load is greater when severe faults occur in a power system. The proposed method has attempted to reduce the amount of load shed in which slight changes are made in the stages of the conventional UFLS by including generator tripping in the first stage. The performance of the combined control scheme is compared with the conventional UFLS scheme and it is noted that less load is shed when the proposed method is employed compared to the conventional UFLS. The results also show that the angle deviation of the affected area in the power systems is lower and more subtle when the combined UFLS and generator tripping scheme is applied which indicates that lower stress are exerted on the generators.
